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We report loss improvement and ﬂuorescence detection in integrated antiresonant reﬂecting optical
waveguides with liquid cores. The minimum waveguide loss is reduced to 0.33/ cm by
compensating for thickness variations in the fabrication process. We demonstrate ﬂuorescence
detection from as few as 490 molecules in a 57 pl core using these optimized waveguides. We
measure angular ﬂuorescence collection factors as high as 15% per facet in good agreement with
theory. This demonstrates the potential of integrated hollow-core waveguides as optical sensors for
single-molecule spectroscopy. © 2005 American Institute of Physics. 关DOI: 10.1063/1.2135378兴
Optical ﬂuorescence is one of the most commonly used
analytical tools in biology and medicine. Several bulk ﬂuorescence techniques with single molecule sensitivity exist,
including confocal microscopy, epiﬂuorescence, near-ﬁeld
scanning microscopy, and evanescent ﬁeld detection.1 A fully
integrated approach to single molecule spectroscopy is desirable due to the inherent advantages of integrated optics such
as compact size, robustness, inexpensive fabrication, and integration with other functional elements such as wavelength
ﬁltering2 and microﬂuidic systems. A ﬂuorescence sensor
with fully planar beam paths for single molecules in solution
requires the ability to guide light through the solvent 共typically water, index ⬃1.33兲 and to excite very small sample
volumes on the order of picoliters or below to reduce background ﬂuorescence levels.3 Index guiding is possible using
Teﬂon AF waveguides with cladding indexes as low as 1.29.4
However, such waveguides have large cross sections that
preclude achieving the required small excitation volumes.5
Multilayer structures based on photonic crystals6,7 or antiresonant reﬂecting optical waveguides8 共ARROWs兲 are alternatives that can be used for building micron-sized channels
that guide both light and liquid sample material.9 Fluorescence from multimode ARROW waveguides with large cross
sections 共150⫻ 150 m, volume 0.2 l for 1 cm length兲 fabricated with a wafer-bonding process has been reported.10 We
have recently demonstrated light conﬁnement and low-loss
propagation in liquid and hollow-core ARROWs with picoliter volumes that can be fabricated using standard silicon
technology11,12 without the need for wafer bonding. The
waveguides can be arranged in two-dimensional planar
waveguide arrays on a semiconductor chip.2 Due to their
small mode cross section on the order of a few m2, they are
ideal candidates for single molecule spectroscopy. In this letter, ﬁrst we report signiﬁcant reduction of the waveguide loss
by a modiﬁed fabrication process. Second we present the
a兲
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ﬁrst demonstration of efﬁcient ﬂuorescence detection from
dye molecules in liquid-core ARROWs with cross-section
dimensions below 10 m and picoliter volumes. We determine the ﬂuorescence collection efﬁciency experimentally
and theoretically, and show that the radiation is captured efﬁciently in these waveguides.
ARROW waveguides are based on fulﬁlling the antiresonant reﬂection condition for a leaky waveguide mode in each
cladding layer.8 Figure 1共a兲 shows the cross section of a
liquid-core ARROW where a liquid core with typical dimensions of 3.5⫻ 10 m is surrounded by three periods of alternating SiN / SiO2 layers.12 The total waveguide loss for
x-polarized light can be separated to a very good approximation into the sum of the one-dimensional losses for a p-wave
in the transverse and an s-wave in the lateral directions, respectively, as shown in Fig. 1共b兲.2 The loss is dominated by
the p-wave contribution in the direction of the incident polarization. Loss in our geometry can, therefore, be minimized
by optimizing the cladding layer structure in the lateral 共x兲
direction.
Due to the plasma-enhanced chemical-vapor deposition
共PECVD兲 deposition process, the thickness of the vertical

FIG. 1. 共a兲 Cross section of the ARROW waveguide. L: lateral; T: transverse. 共b兲 Schematic separation of mode loss.
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FIG. 2. Waveguide loss vs ARROW core width. Diamonds and squares:
experimental results; triangles: calculation.

ARROW layers for lateral conﬁnement is approximately
1.25 times thinner than that of the horizontal layers for transverse conﬁnement. This is one of the main sources of the
difference in waveguide loss between theory and experiment
of our ﬁrst generation ARROWs.12 To compensate for the
reduced thickness in the lateral direction, we grew the upper
ARROW layers 1.25 times thicker to minimize loss in the
lateral direction with little effect on loss in the transverse
direction. Figure 2 shows the waveguide loss at 633 nm measured with the same technique as in Ref. 12. The input polarization for all experiments presented here is along the x
direction. We ﬁnd a signiﬁcant reduction by a factor of 5 to 6
in waveguide loss between ﬁrst- and second-generation
liquid-core ARROWs. The minimum waveguide loss of the
second generation is 0.33/ cm for a 15-m-wide core compared to 1.7/ cm for the ﬁrst generation with the same cross
section,12 and agrees more closely with theoretical calculations 共triangles兲 that include higher-order lateral modes. The
remaining discrepancy is likely due to scattering and surface
roughness of the ARROW layers.
We used these optimized waveguides to demonstrate the
use of liquid-core ARROWs for highly sensitive ﬂuorescence
detection. Figure 3共a兲 shows the schematic of the experimental setup. The pump beam from a laser diode 共LD兲 passes
through an excitation ﬁlter 共F0, bandpass at 633 nm兲, and is
then coupled into a single mode ﬁber aligned with the center
of the ARROW core. The core is ﬁlled with ﬂuorescent Alexa 647 molecules in ethylene glycol solution. A lock-in ampliﬁer is used to reduce the background noise. Two ﬂuorescence ﬁlters 共F1, F2; bandpass at 650– 700 nm兲 are placed
between the output of the waveguide and a photomultiplier
tube 共PMT兲 detector. A beam splitter 共BS兲 is used to split the
output between the PMT and an optical multimeter 共OM兲,
respectively. The PMT collects the ﬂuorescence only and the
OM detects essentially the output at the pump wavelength
共the pump power is signiﬁcantly higher than the ﬂuorescence
power兲. The concentration-dependent ﬂuorescence output
power is shown in Fig. 3共b兲 for a waveguide with 3.5 m
⫻ 9 m core, and 1.8 mm length 共sample volume 57 pl兲, and
the resulting ﬂuorescence spectrum taken with an optical
spectrum analyzer. The pump power was kept at a few microwatts to minimize photobleaching. The detected power
decreases linearly with the concentration in agreement with

FIG. 3. 共a兲 Schematic graph of the ﬂuorescence detection setup: LD: Laser
diode, P: polarization controller; BS: beam splitter; F0, F1, F2: ﬁlters. 共b兲
Normalized ﬂuorescence power vs dye concentration; circles: experiment;
dashed line: theory. Inset: ﬂuorescence spectrum taken at
c = 10−4 M.

the Lambert-Beer law1 until the detection limit is reached.
We were able to detect concentrations as low as 10−11 M,
corresponding to 490 molecules in the core. The detectable
concentration in this collinear setup is limited by the detector
sensitivity, solvent contributions1 and by residual power at
the pump wavelength that leaks through the ﬂuorescence ﬁlters F1 and F2. Single molecule sensitivity can be achieved
by using an avalanche photodiode 共APD兲 detector and perpendicular beam paths for the excitation and ﬂuorescence
signals on the chip.2
Next, we determined the angular collection factor Fcoll of
the ARROW waveguide. In confocal microscopy, Fcoll is determined by the numerical aperture of the objective.1 In our
case, it is given by the ratio of ﬂuorescence power emitted by
the dye molecules 共P f 兲 and detectable ﬂuorescence power at
the waveguide output 共Pdf兲,
Fcoll =

Pdf
Pdf␣ P
=
.
Pf
P
␣ PL
 P P共L兲N共e − 1兲
2 f

共1兲

Here, ␣ p is the waveguide loss at the pump wavelength; ,
N, and  are the ﬂuorescence quantum efﬁciency, density,
and absorption cross section13 of the dye molecules, respectively; and P P共L兲 is the detected pump power. The last expression in Eq. 共1兲 relates the generated ﬂuorescence power
to the detected pump power and takes into account pump
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FIG. 4. Fluorescence collection factor vs ARROW waveguide length; dotted
line: experiment, solid line: theory. Error bars are obtained from repeated
measurements of Fcoll.

attenuation due to waveguide loss ␣ P, and the fact that the
ﬂuorescence propagates in both the positive and negative z
directions and the pump beam only in a forward direction. It
allows us to calculate Fcoll from the experimentally observed
values after correcting for the signal attenuation due to the
ﬂuorescence ﬁlters F1 and F2, and the asymmetric splitting
ratio of the beamsplitter 共1:0.887兲. We measured the collection factor as a function of sample length for a waveguide
with w = 9 m and a dye concentration of 1.5⫻ 10−8 M 共dotted symbols in Fig. 4兲. Fcoll decreases slowly with sample
length due to the presence of waveguide loss, but collection
is very efﬁcient with values as high as 15% per facet.
We carried out numerical simulations of the collection
efﬁciency to verify the experimental value. To this end, we
assume a homogeneous distribution of dye molecules with
randomly oriented oscillating dipoles throughout the core.
For a molecule at a longitudinal position z, Pdf is determined
by the fraction of power that is initially coupled into propagating low-loss ARROW modes, and the fraction of power in
these modes that appears at the waveguide output in the presence of the waveguide loss. Using a commercial software
package 共OMNISIM, ©Photon Design兲, we ﬁrst calculate the
polarization-dependent coupling of ﬂuorescence into the
lower-order ARROW modes 共typically the ﬁrst three odd
modes兲. Higher-order leaky ARROW modes with higher loss
quickly escape from the core 共within ⬍100 m兲 and can be
neglected for waveguides longer than 1 mm. We then determine the intensity remaining after propagating to the output
of the waveguide in presence of the experimentally determined waveguide loss. Because the ﬂuorescence is only partially polarized due to random orientation and rotation of the
dye molecules, X, Y, and Z polarization components 关as deﬁned in Fig. 1共b兲 and Fig. 2, measured ratio X : Y : Z
= 1.9: 1 : 1兴 are combined to deduce the collection factor.14
The remaining intensity is integrated over the length L of the
waveguide to account for all possible longitudinal molecule
positions. The calculated Fcoll are shown as the solid line in
Fig. 4 and show good agreement with the experimental data.
The discrepancy arises from the ﬁnite number of modes

taken into account in the numerical simulation, and the fact
that ﬂuorescence quenching15 and photobleaching were neglected. Finally, we assumed a quantum yield of  = 1. Collection factors of other ﬂuorescence detection schemes with
high numerical aperture can be signiﬁcantly larger. However,
the total collection efﬁciency D of a system also includes
other factors such as transmission losses, ﬁlter response, and
detector quantum efﬁciency, resulting in typical values for D
of 1–8 %.1,16 One of the advantages of the integrated ARROW approach is that some factors that reduce Fcoll to D can
be eliminated. For example, wavelength ﬁltering can be integrated on the chip2 and the signal can be fed very efﬁciently to an APD detector via coupling into multimode ﬁber
right at the ARROW output. Consequently, total collection
efﬁciencies comparable with typical microscopy setups can
be expected.
In summary, we have presented loss improvement and
ﬂuorescence detection in integrated liquid-core waveguides
with picoliter volumes. Fluorescence collection factors in excess of 15% per waveguide facet were measured and modeled. The sensitivity can be further improved by reducing the
excitation volume using perpendicular excitation and
collection paths, and by optimizing the cladding layers for
high loss at the pump wavelength.2 This will allow the use of
liquid-core ARROW waveguides as fully integrated optical
ﬂuorescence or Raman sensors with single molecule
sensitivity.
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